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ABSTRACT

A microwave-driven cyclotron resonance plasma acceleration device
was investigated using argon, krypton, xenon, and mercury as propellants.
Limited ranges of propellant flow rate, input power, and magnetic field
strength were used. Over-all efficiencies (including the 65% efficiency of
the input polarizer) less than 10% were obtained for specific impulse values
between 500 and 1500 sec. Power transfer efficiencies, however, approached
100% of the input power available in the right-hand component of the incident
circularly polarized radiation. Beam diagnostics ﬁsing Langmuir probes,
cold gas mapping, r-f mapping and ion energy analyses were performed in
conjunction with an engine operating in a pulsed mode. Measurements of
transverse electron energies at the position of cyclotron resonant absorption
yvielded energy values more than an order of magnitude lower than anticipated.
The measured electron energies were, however, consistent with the low values
of average ion energy measured by retarding potential techniques. The low
values of average ion energy were also consistent with the measured thrust
values. It is hypothesized that ionization and radiation limit the electron
kinetic energy to low-values thus limiting the energy which is finally trans-
ferred to the ion. Thermalization by electron-electron collision was also
identified as an additional loss mechanism. The use of light alkali metals,
which have relatively few low lying energy levels to excite, with the input
power to mass ratio selected so as to limit the electron energies to less than
the second ionization potential, is suggested. It is concluded, however, that
the over-all efficiency for such propellants would be less than 40 per cent.
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1. INTRODUCTION

This report covers the work performed during the period from
February 28, 1966 to February 27, 1967 under NASA Contract NAS 3-8903
which is the most recent phase of a NASA sponsored program (earlier
Contract Nos. NAS 5-1046, NAS 3-3567, NAS 3-6266) to develop a micro-
wave driven electron-cyclotron resonance plasma accelerator for space
propulsion applications,

Previous to this program the measured accelerator characteristics
were:

1. Power transfer efficiencies using argon, krypton and xenon,
up to the limiting value imposed by the circular polarizer characteristics
in the microwave system.

2. Over-all efficiencies based on the input mass flow rate and thrust
measurements using argon and xenon which varied from 6% up to 46% with
60% of the reported efficiency values falling between 6 and 16 per cent and
the remaining values falling between 28 and 46 per cent. The corresponding
range of specific impulse based on measured thrust and input mass flow
runs from 600 to 6800 seconds.

3. Operating time limited because of inadequate engine cooling;
i,e., from 2 to 10 minutes operation depending on the power level.

The general objectives of this program were the following:

1. To study the mechanisms involved in the coupling of microwaves
to plasmas in inhomogeneous, static magnetic fields which are necessary
for the improvement and better understanding of this accelerator as a
space thruster as well as to study processes incidental to the device which
are of importance to the general field of r-f plasma confinement and dif-
fusion across magnetic fields and to the propagation of microwaves through
plasmas..

2. To further improve the actual performance of the experimental
accelerator developed under the previous contract.

2,5, o
3. To obtain over-all efficiencies (n = T / 2mP) of 50% or more in
order to demonstrate the potential of the device as a space thruster.

In order to most effectively meet the general objectives described above,
two experimental programs were established. One was designated the
C.W, Program. It was in this program that the device was evaluated as
a space thruster by measuring the developed thrust for different input
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powers, input propellant feed rates, and magnetic field strengths. In
addition, measurements of beam potential distribution and final ion energy
were made. The C. W, Program was conducted in a 4 ft. diameter, 6 ft.
long stainless steel vacuum chamber with a total pumping capacity of

9000 liters/sec. The thruster was driven by an r-f system capable of
generating 5000 watts of power at 8. 35 gc.

The second program, designated the Pulsed Program, was estab-
lished in order to allow operation at lower background pressure and lower
average power density than was possible in the C. W, Program. Beam
diagnostics near and inside the engine were therefore possible. In addition
by adjusting the relative timing of the r-f pulse and the gas pulse the effects
of entrainment were observed. Essential to the Pulsed Program was a
valve which pulsed the propellant input. This permitted maintaining a low
time average propellant flow rate while approximating the value occurring
for cw operation during the pulse. Spatial distribution measurements of
neutral gas, r-f power, electron number density and transverse and parallel
electron energy were made in and near the engine. lon energy analyses
using the retarding potential technique were made at a distance of one meter
from the engine. The experimentation was conducted in a 1.5 ft. diameter
by 3.5 ft. long vacuum chamber connected to a 10 in. diameter diffusion
pump. The power source for this system was capable of delivering 5000
watts of r-f power at 8. 35 gc at various pulse widths.

The results of this program infer that poor engine performance should
be expected for propellants having many low lying levels for excitation and
ionization such as argon, krypton, xenon, and mercury, since multiple
ionization and excitation limit the energy to which the electrons may be driven,
Measurement of high power transfer efficiencies have been repeated and
explained in terms of recovery of excitation energy and recombination. The
earlier low over-all efficiencies based on thrust measurements using inert
gases have been corroborated for operation when no outgassing effects had
occurred. Low over-all efficiencies were also obtained using mercury. For
mercury operation neither outgassing or entrainment effects were believed to
be present.

The goal for the attainment of 50% over-all efficiency was not realized
for the propellants used in this program. However, it is concluded that,
by using light-weight alkali metals at relatively low power input, 40% over-all
efficiency may be approached. This conclusion is found to be in agreement
with the results of others??,




2. EXPERIMENTAL EQUIPMENT

2.1 C.W. PROGRAM

2.1.1 Vacuum System

The experimental work for this contract was carried out in a test
facility financed by General Electric facility funds. This facility, shown
in Figures 2.1.1, 2.1.2 and 2. 1. 3 has the following specifications:

vacuum tank: 4' diameter, 6' long, full-sized hinged doors each
end stainless steel.

pumping system: (2) oil diffusion pumps, each rated at 18,000
liters per second; estimated total pumping capacity
(taking into account flow resistance due to right
angle valves and baffles) is 9000 liters per second
(20,000 liters per second without the baffles).

ultimate attained pressure: 1.6 x 10"7 mm Hg (without liquid
nitrogen in baffles).

2.1.2 R-F System

The r-f system used to generate the microwave power is shown in
Figure 2.1.4. Note that the input r-f power to the accelerator was continu-
ously monitored by a calorimetric power meter. To effect calibration of
the system the engine was replaced by a calibrated water load/calorimeter
(Varian, Model V-4045F, Ser. #19), and the two absolute power meters
were compared up to 5 kw. Using the measured value for the DBH631
30 db directional coupler (29. 6 db at 8. 35 gc), the HP434A calorimetric
power meter was found to read accurately within 5% up to 5000 watts. The
polarizer was a special unit built by DeMornay-Bonardi Company, designed
for 8.35 gc. The radiation pattern was measured to have an ellipticity of
approximately 4:1, thus, approximately 65% of the input power is carried
by the right hand circularly polarized component of the output wave. A
photographic view of the overall system is shown in Figure 2.1.5.

2.1.3 Thrusters

Continuing the accelerator designation begun for X-band accelerators
during previous contracts, the engine design referred to as the Mark V-S
design was used during this report period. This engine, shown in Figure
2.1. 6 has an ionization chamber 1.152 inches in diameter by 1. 00 inches
long. Other features of the design are the beryllium oxide half-wave window




Figure 2.1.1 Vacuum Facility

Figure 2.1.2 Vacuum Facility
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Figure 2.1.4 R-f System, Microwave Magnetic Accelerator, 8.35 kmc/sec.
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Figure 2.1.5 View of R-F System, 8.35 Kmc/sec.
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Figure 2.1.6 X-Band Longitudinal-Interaction Accelerator; Peripheral
Injection; short version (Mark V-5)
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and the peripheral gas injection through ducts which are cut at a slant
angle to the axial direction in order to impart a component of axial
velocity to the gas.

The engine was cooled by flowing water through a ring-shaped duct
adjacent to the window flange. The flow rate was approximately 15 cc/sec,
corresponding to 63 watt/c . The fact that, after running, the engine cooled
much more rapidly with the water flowing then with the water turned off
indicates that the water flow is the major means by which heat was taken
from the accelerator. The ability of the dielectric windows to remain
intact was apparently quite sensitive to accelerator temperature, since
most beryllium oxide window failures can be traced to situations 1n which
the accelerator temperature was allowed to reach levels near 200°C.

During testing of this engine, 125 °C was adopted as the maximum allowable
temperature, This temperature limit imposed a limitation on the operating
time, especially when the input power was above 1000 watts. At 2000 watts,
the engine on-time was typically 5 minutes depending on the mass flow rate
and magnetic field. In order to increase the allowable operating time, a
new engine designated the Mark VA-S was designed and fabricated. This
engine was the same as the Mark V-S except that the cooling capacity was
increased by providing water cooling to the ionization chamber wall in
addition to the existing water cooling loop near the mounting flange of the
dielectric window. The Mark VA-S engine, shown in Figure 2.1.7 was
designed for noble gas operation and for compatibility with the structures
necessary for measuring thrust. The thrust balance was mounted either
internal or external to the vacuum chamber. Figure 2.1.8 shows a photo-
graph of the disassembled Mark VA-S engine. Figure 2.1.9 shows the
engine mounted to a non-magnetic stainless steel port cover containing slots
for eddy current suppression. Also shown in Figure 2.1.9 is the nylon ring
necessary for making an electrically insulated vacuum seal.

For mercury operation, the mainfold section of Figure 2.1.8 was
modified to provide six gas inlets of 3/16 in. 1. D., each fed by six vapor
inlet lines. This increased cross-sectional area was necessary in order
to prevent condensation at the engine temperature of nominally 100°C.

2.1.4 Magnet Field Coils

The Mark V-S engine was operated in conjunction with a Magnion
"plasma flux'' coil, type PF 3-285-175, for providing the necessary
magnetic field. A three-phase bridge rectifier circuit had been built to
supply the current for this coil (290 amp at 88 volts). A photograph of the
Magnion coil mounted on the thrust stand and located inside the vacuum
chamber is shown in Figure 2.1.10. The on-axis magnetic field distribution
produced by the coil is shown in Figure 2.1.11.
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Figure 2.1.8 Exploded View of Mark VA-S Engine.

Figure 2.1.9 The Mark VA-S Engine Assembled and Mounted
on Eddy Current Suppressing Port Cover.




Figure 2.1.10 Magnion coil mounted on thrust stand (thrust stand
cover removed).
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Figure 2.1.11 Magnetic Field Distribution on Axis; Magnion '""Plasma
Flux'' Coil, Type PF3-285-175,



In order to accommodate the larger size of the Mark VA-5S engine,
a coil of larger I.D. was designed and fabricated by General Electric.
This coil required modification of the power supply capability to 600 amps,
38 volts. A photograph of the 5 inch I. D. coil mounted on the thrust stand
external to the vacuum chamber is shown in Figure 2.1.12. The Mark VA-S
engine mounted on the vacuum chamber port is also visible in the figure.
Figure 2.1.13 shows the on-axis field plot associated with the coil.

2.1.5 Totally Absorbing Mercury Beam Catcher

A totally absorbing mercury beam catcher was designed and fabri-
cated. The details of the outer can are shown in Figure 2.1.14 while
Figure 2.1.15 shows the details of mounting the cooled honeycomb structure
inside the can. The honeycomb material is aluminum with a 1/8 in. cell
size, and 6 inches deep. All other components are made from a 300 series
stainless steel. Thermal contact between the honeycomb and the concentric
cylinders was accomplished by using a copper powder-filled silicon grease
which was found to be satisfactory at liquid nitrogen temperatures. A
photograph of the assembled beam catcher is shown in Figure 2.1.16. The
system was designed to be cooled by liquid nitrogen.

2.1.6 Feed Systems & Flow Meters

A mercury feed system was fabricated. The design was based on the
positive displacement of liquid mercury out of a precision bore glass tube
using a mechanical drive of continuously variable speed. The liquid mercury
was displaced into a 1/8 inch stainless steel tubing which contained a vaporizer
at the engine end. The vaporizer was simply a continuation of the 1/8 inch
diameter tubing located between a cooling block and a heating block. The
blocks established a temperature gradient along the tube between the two
blocks. The liquid-vapor interface was maintained at the position in the
vaporizer where the temperature was such that the evaporization rate was
equal to the displacement rate from the precision bore glass tubing. The
vapor was then conducted to the engine through heated tubing. Figures 2.1.17
through 2. 1,20 show several views of the mercury feed system.

For flow rate measurement of the noble gas propellants several
meters based on different physical principles were used. Early measure-
ments were made using a Brooks Instrument Co. rotameter, type 1A-15-1,
equipped with a glass tube and stainless steel and aluminum floats. The
initial calibration of the rotameter was performed in a cursory manner by
inserting it in series with the bleed line from a reservoir of known volume.
By observing the time rate of change of the pressure, the flow rate could be
calculated and compared with the observed rotameter reading. Satisfactory
agreement was initially obtained.
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Figure 2.1.12 New Coil.
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Figure 2.1.16

Assembled mercury beam
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catcher.



Figure 2.1.17 Mercury Feed
System

Mechanical Drive

Water cooled lined Mercury filled precision

to vaporizer bore tubing
Displacement plug,
neoprene

Figure 2.1.18 Mercury
Feed System.
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Heated feed line

Figure 2.1.19 Mercury Feed
System - Overall view.

Figure 2.1.20 Mercury Feed System.

Heater block
Cooling block

Water cooled line




During later engine testing, it became evident that the accuracy
and the calibration constancy of the rotameter were questionable. Several
different types of flow meters were therefore investigated by connecting
all of them in series in the bleed line from a cylinder of known volume.
The results of this investigation were the following:

Rotameters: Brooks Type 1A-15-1, Matheson No. 610

Both meters indicated flow rates higher than the standard, the
Matheson about 50% high and the Brooks about 100% high. The Matheson
displayed a consistently high indication over a range of flow rates and thus
could be corrected by a constant correction factor; however, the Brooks
meter displayed erratic behavior for some values of flow rate and a simple
correction factor could not be applied. Both rotameters were suspected of
being coated internally with a film of fore pump oil which resulted from
the daily evacuation of the flow meter lines in order to make a measurement
of the barometric pressure using the feed system manometer.

Thermal Capacity Flow Meter: Hastings Model LF-20X

The Hastings meter indicated flow rates about 20% higher then the
standard over the range of flow rates and could be corrected by use of a
constant correction factor. This meter was also suspected of being con-=-
taminated with pump oil.

Laminar Flow Meter: Hico Delta - P Model HICO-20

Neglecting temperature corrections to the standard the laminar
flow device agreed with the standard to within 10% over a range of applicable
flow rates. Over a flow range which occurred during the calibration check
at a time when, fortuitously, the temperature correction was probably
unity, the agreement was within 2%.

During the last half of this contract period, the laminar flow meter
was usecd as the primary flow measuring instrument when using the gaseous
propellants.

2.2 PULSED PROGRAM

2.2.1 Vacuum System

A vacuum facility was assembled for use in the experimental work
of the pulsed program. This facility is shown in Figures 2. 2.1 and 2.2.2.
The following specifications apply:

vacuum tank: 1.5' diameter, 3.5' long, non-magnetic stainless steel.




Figure 2,2.1 Vacuum Facility for
Pulsed Program - Back View

Figure 2,2.2 Vacuum Facility for
Pulsed Program - Front View
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engine adapter: 8.5'" diameter, 11.5'" long, brass.

pumping system: (1) oil diffusion pump, rated at 4100 liters per
second. With the baffle, the estimated pumping
capacity is 2000 liters per second.

(1) holding pump.
(1) fore pump.

ultimate pressure: 8.0 x 10-“6 mm (without liquid nitrogen in
baffles).

In this facility, the pulsed propellant feed could be operated at
1 y,gram/shot and at a pulse rate of two pulses per second while maintaining
the background pressure in the 9 to 10 x 10°® mm range.

2.2.2 R-F System

Figure 2.2.3 gives a block diagram of the r-f system used for the
pulsed program. The X-band system was capable of 0 to 5 KW of output
power operated on either a pulsed or cw basis. The multivibrator was
capable of producing pulse durations of 10 ysec. to 10 millisec. The output
of the system was a monotone of 8. 35 kmc/sec. The E-H tuner indicated
in Figure 2.2.3 was used to minimize power reflected back to the amplifying
klystron. For a tuned reflection minimum with no plasma, the loss in the
waveguide up to the adapter was found to be about 0. 75 db, and the loss in
the adapter, circular polarizer, and engine window was found to be about
0. 50 db.

Figure 2.2.4 shows the T. W, T., the driver klystron power supply,
the amplifying klystron, and the circulator as they appeared in the test
facility.

2.2.3 Magnetic Field

The dc magnetic field for the pulsed program was provided by a coil
made to specifications identical to those of the coil for the C. W, Program.
Field measurements verified the similarity of the two coils.

2.2.4 Pulsed Gas Valve

A solenoid-operated valve was designed for the pulsed program,
The design criteria were fast repeatable open-close operation and flow
rates comparable to a milligram per second. A cross-section of the valve
is shown in Figure 2, 2, 6.
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Figure 2.2.5 Shielded Pulsed Gas Valve in Position.
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A power supply was built to actuate the gas valve. It was basically
a silicon control rectifier-triggered capacitive discharge. Output voltage
peaks could be chosen up to 450 volts, with a solenoid energy of up to 0. 05
joules per shot.

Proper valve seating for leak free closure of the gas valve along
with injection of desired amounts of propellant was accomplished as a
result of proper balance of restoring force, solenoid energy, and maximum
opening. The valve was installed in the engine and cold gas pressure
profiles were made. An example of a typical gas pulse pressure profile
vs. time is shown in Figure 4.2.8. The profile was measured by the gas
pressure probe, which will be described later, in the absence of both the
dc coil field and the plasma. To protect the solenoid from saturation by the
dc coil field, it was necessary to shield the valve casing with iron. With
this shielding, valve operation was obtained in the magnetic field of the
Cyclops using the full 500 amp dc coil current. The valve may be seen in
position at the rear of the coil in Figure 2. 2. 5.

2.2.5 Thruster

A thruster (Mark IX-1) was designed for the pulsed program. The
dimensions of this engine, as seen in Figure 2.2.7, were comparable to
the Mark V-L engine used in the C. W, Frogram. The notable differences
were the larger annular propellant duct.designed for desired gas flows on
a pulsed gas feed basis, the elimination of the coolant duct due to the low
average powers anticipated, and the addition of ignition electrodes in the
plasma chamber. Tests made on the Mark V-S accelerator in the large
vacuum tank using pulsed r-f and continuous propellant flow indicated the
necessity for some type of an ignitor to start the discharge. While r-f
breakdown occurred when the resonance point was within the thrust chamber,
it did not occur at some normally employed magnetic field strengths, where
the resonance point was beyond the exit plane of the chamber. The ignitor
eventually chosen consisted of a GE No. 43 lamp filament placed in the engine
exit plane near the lip of the engine. This device allowed successful ignition
for all coil field strengths.

As seen in Figure 2.2, 2, the engine was affixed to an engine adapter
on the tank. Three small windows were installed in the adapter, two dia-
metrically opposite and very near the engine exit plane, and one near the
main tank. The purposes of the windows were to provide access to the
plasma stream for spectroscopy and luminosity measurements if desired,
and observation of probe positioning in the plasma stream.

A one-half wavelength alumina disc was used as the dielectric window
for the pulsed program. The structural integrity of this window was sufficient
for the average power levels used.
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